Introduction
6-anions due to their promising application as catalytic materials 2, 3 . The free acid form of the heteropoly-anions, i.e. Keggin H 3 4 . Therefore, many heteropolyacids are more active catalysts than conventional organic and inorganic acids in liquidphase reaction. The insolubility of the heteropoly-acids in many organic substances allows an easy separation and reutilization of these catalysts. Moreover, several liquid-phase processes showed that the reaction mixture separates in two phases, one of those containing the heteropoly-compound 3, 4 . Undoubtedly, the catalytic processes based on heteropolyacids are an outstanding contribution in the development of environmental benign technologies. However, the synthesis of these compounds is rather complicated, involves the use of dangerous chemicals and produces harmful liquid and gaseous wastes.
Phospho-tungstic H 6 [5] [6] [7] [8] [9] [10] . The heteropolyacids are synthesized through the "etherate method", electrodialysis, ion exchange and precipitation with sulfuric acid 11 . The "etherate method" requires a strongly acidified aqueous solution of the heteropolyanion (from an aqueous soluble heteropoly-salt) that is shaken with diethyl ether in order to separate three phases: an upper ether layer, an aqueous layer and a heavy oily layer. This layer contains an etherate of the heteropolyacid of unknown composition. The etherate is decomposed with water and the solution is evaporated until the acid crystallizes. According to early studies by Wu and our own experience, this method does not yield pure H 6 This technique requires expensive and dangerous chemicals, possesses a low yield towards the acid, produces an important amount of harmful wastes (highly acid organic liquid) and is time consuming.
Maksimov et al. applied electrodialysis to synthesize iso and heteropoly acids of various structures in highly concentrated aqueous solutions 13 . In general, this method avoids the use of diethyl ether and inorganic acids since the solution is electrochemically acidified during operation. However, the synthesis of the H 6 P 2 W 18 O 62 is rather complicated since it requires the electrodialysis of a mixture of H 3 PO 4 and Na 2 WO 4 up to a certain pH value, then a thermal treatment (6 hours at 150 °C) and dialysis again to obtain the desired product.
More recently, Wijesekera et al. patented the synthesis of phospho-molybdic Wells-Dawson-type polyoxometallates through an ion exchange methodology in aqueous media 14, 15 . Interestingly, the authors synthesized the phospho-molybdic Wells-Dawson acid through ion exchange in a column into an ice bath. However, the effect of the temperature on the synthesis or the flow rate of the effluent was not discussed.
The present investigation presents a detailed examination of the conditions (solvents, substrate-resin ratio, time of the exchange and temperature) to optimize the synthesis of phospho-tungstic and phospho-molybdic Wells-Dawson acids through the ion exchange method both batchwise and in column. The ammonium phospho-tungstic Wells-Dawson salt was synthesized according to the method reported by Lyon et al. 16 . Concentrated H 3 PO 4 (Merck ACS, 85%) was added to a boiling solution of Na 2 WO 4 (J. T. Baker ACS, 100%) in a 4:1 acid:salt molar ratio. The mixture was kept boiling under stirring for 8 hours. Ammonium chloride NH 4 Cl (J. T. Baker ACS, 100%) was added in order to precipitate the salt. The salt with the mother liquor was kept overnight at 5 °C to improve the yield of the precipitation process. The salt was dissolved in water at room temperature and filtered to remove impurities. Again, ammonium chloride was added to re-precipitate the salt and the solution was kept at low temperature overnight. Finally, the salt was filtered, washed with water and dried under vacuum at room temperature.
Experimental
The ammonium phospho-molybdic Wells-Dawson salt was synthesized with Na 2 MoO 4 , H 3 PO 4 and HCl according to a method published before 17 . Additionally, the phospho-tungstic Wells-Dawson acid H 6 P 2 W 18 O 62 was synthesized according to the "etherate method" from a α/β-K 6 P 2 W 18 O 62 isomer mixture. The details of the synthesis have been published previously 8 . The yield of this method is 71.4%.
Additional materials and methods
A Dowex HCR-W2 (Sigma-Aldrich) acid resin was used in the ion exchange experiments. This material possesses a 1.9 meq/ml exchange capacity according to the vendor. The density of the wet resin was determined as 1.2 g/ml which results in a 2.4 meq/g exchange capacity.
The starting ammonium salts were dissolved in absolute ethanol (Merck, 99.8%) or distilled water prior to the contact with the resin.
The ion exchange experiments were performed both in a column and batchwise. The flow rate of the effluent in the column experiments was calculated as the ratio of the volume of effluent collected per unit of time and volume of wet resin (BV/min).
The resultant solution after the exchange was allowed to dry at room temperature prior to the analysis.
Infrared spectroscopy
The presence of the ammonium ion after the exchange and the stability of the Wells-Dawson structure were followed through infrared spectroscopy. The analysis was performed with a FTIR Bruker IFS 66 equipment under ambient conditions. The solid samples were diluted with KBr and pressed into thin wafers.
Nuclear magnetic resonance 31 P NMR
The purity of the Wells-Dawson structure was followed through nuclear magnetic resonance of phosphorous. Liquid NMR spectra were obtained with a Bruker AM 500 spectrograph both in D 2 O and deutered methanol CD 3 OD under ambient conditions. The equipment operates at a frequency of 202.458 MHz with 11.3 µs pulses. The analysis involved 8-800 pulse responses with a resolution of 0.25 Hz per point.
Results and Discussion
The influence of the operation conditions such as, amount of resin (salt:resin weight ratio), nature of the solvent, temperature and time in the exchange of ammonium by protons ions were investigated in batch experiments. Figures 1 and 2 show the infrared spectra of the materials obtained through the ion exchange of the ammonium phospho-tungstic Wells-Dawson salt (NH 4 ) 6 The experiments were carried at a starting (1:0.6) salt:resin weight ratio that corresponds to the stoichiometric exchange ratio. That is 1.00 g of (NH 4 ) 6 8 . The spectra of the Wells-Dawson salt before and after being in contact with the acid resin in aqueous media possess a band at 1400 cm -1 that corresponds to NH 4 + species. The presence of this band in all the experiments carried in aqueous media indicates that the exchange was not complete regardless of the amount of resin and the time of the exchange.
The exchange in organic media were carried up to three days since the experiments in aqueous media demonstrated that extended contact with the resin results in a reversible exchange of ammonium (spectra not shown). Figure 2 shows the exchange of the ammonium phospho-tungstic salt in contact with various amounts of resin in ethanol media. The absence of the band corresponding to ammonium species indicates that the exchange is complete at (1:0.9) salt:resin weight ratio. The yield of this synthesis was 95.5% which results higher than the "etherate" route for the phospho-tungstic acid (see section 2.1). . Additionally, the ammonium salt possesses the infrared signal of the NH 4 + species at 1403 cm -1 similarly to the phospho-tungstic salt. Again, the comparison of the infrared spectra of the materials obtained in aqueous and ethanol media indicate that the ion exchange is greatly favored in organic media. In fact the phospho-molybdic acid is obtained after three days of ion exchange with a 92.2% yield. Moreover, the experiments demonstrated that the temperature does not influence the exchange.
Nuclear magnetic resonance of phosphorous 31 P further confirmed the complete exchange of the ammonium species. The ammonium phospho-molybdic Wells-Dawson salt possesses a single signal at -1.596 ppm that is replaced by another signal at -1.665 ppm (characteristic signal of the acid in CD 3 OD) belonging to the phospho-molybdic Wells-Dawson acid when the exchange is complete. The 31 P NMR analysis of the pure acid in D 2 O showed also an intense signal at -2.419 ppm (spectra not shown). However, the phospho-molybdic acid obtained through ion exchange in aqueous media and ethanol shows traces of Keggin species at -3.988 ppm.
The Additionally, the ion exchange was carried in a glass column with a (1:3) salt:resin weight ratio. The experiments were performed with a flow rate varying from 0.8 to 3.6 BV/min due to the fact that this parameter was difficult to reproduce from one experiment to another. This is a typical drawback of the exchange columns that possesses a regular two-ways stopcock. Figure 5 show the infrared spectra of the materials obtained after the ion exchange of the phospho-tungstic and phospho-molybdic ammonium salts dissolved in the minimum amount of water or ethanol. The aqueous solution of the molybdic salt was prepared in the minimum amount of cold water and the column was packed in an ice bath similarly to the experiments performed by Wijesekera et al. 15 . The exchange of the phospho-tungstic salt was complete when the experiment was carried in aqueous medium but not in ethanol. However, the exchange of the molybdenum based salt was not successful regardless of the solvent or the flow rate. Again, the temperature does not show any positive influence in the exchange. Moreover, the discrepancy between these results and those reported by Wijesekera et al. might be ascribed to the contact time of the solution with the resin. In fact, the flow rate of the solution through the resin does have a key role in the exchange equilibrium as shown in the experiments carried batchwise.
Conclusions
The present investigation demonstrates that the ion exchange methodology is suitable to be used for the synthesis of phosphotungstic and molybdic Wells-Dawson acids in a higher yield than the conventional organic route.
In general, pure, non-degraded acids are obtained through the ion exchange of the ammonium salt counterpart with a highly acidic resin in ethanol. The experiments indicated that the use of an organic media greatly favors the ion exchange since a lower amount of resin is required than in aqueous media.
The comparison of the experiments performed batchwise and in column demonstrated that the contact time between the salt and the resin is also a key factor in the exchange equilibrium. An optimum contact of three days was observed for the completeness of the exchange carried in batch. Although the use of a column might greatly diminish the time required for the exchange, the flow rate must be carefully controlled and is difficult to reproduce between experiments. Moreover, a higher amount of resin is needed compared with a batch technique.
